Regional cerebral blood flow (rCBF) was com pared in the gerbil by means of eH]nicotine, [14C]_ iodoantipyrine, and hydrogen clearance techniques. In agreement with other studies, nicotine and iodoantipyrine methods gave virtually identical results. With these meth ods, it was observed that a reduction in blood flow oc curred shortly after insertion of an electrode into the stri atum for hydrogen clearance measurement, affecting rCBF throughout the impaled hemisphere. The reduction was moderate (30%) in the striatum and hippocampus, but much greater (70%) in cortical regions. Identical def icits were observed following brief penetrations involving only cortex. Following chronic electrode placement in the striatum, regional blood flow values obtained with eH]nicotine returned to the control range within 6 h.
implanted electrode increased with a similar time course, so that by 6-24 h, hydrogen clearance gave values indis tinguishable from control values obtained with eH]nicotine. These results clearly demonstrate that re duction of CBF subsequent to electrode placement can account for the low values frequently obtained with the hydrogen clearance method in small animals. The distri bution of the deficit and the time course of its recovery are similar to blood flow changes associated with spread ing depression. While mechanisms responsible for this effect remain to be fully identified, chronic implantation is a practical solution that allows the continued use of hydrogen clearance as a convenient method for repeated measurement of blood flow in the same animal. Key Words: Hydrogen clearance-Nicotine-Iodoantipy rine-CBF measurement-Electrode placement.
providing support for the simplifying assumptions of the nicotine method. These and similar tech niques require killing of the animal at the time of CBF measurement.
In contrast, the use of implanted polarographic electrodes to measure hydrogen clearance (Aukland et aI., 1964; Fieschi et aI., 1965; Pasztor et aI., 1973) has the distinct advantage of essentially unlimited repeat measurements in the same animal. Various practical and theoretical limitations of this method have been described in detail by others (e.g., Hal sey et aI., 1977; Young, 1980; von Kummer and Herold, 1986) . Of greatest concern in the present context are the considerable discrepancies fre quently observed between absolute values of blood flow determined by hydrogen clearance and radio active tracer methods, particularly in small animals.
The CBF obtained by the iodoantipyrine or nicotine methods in the rat (Sakurada et aI., 1978; Ohno et aI., 1979; Tamura et aI. , 198 1) and mouse (Jay et aI., 1988) have been as much as severalfold higher than determinations by hydrogen clearance in the same species (Scremin et aI., 1973; Rovere et aI. , 1973; Rosenblum, 1977) . Notably, CBF values obtained by the hydrogen clearance method were much higher in rats with chronically implanted electrodes (Haining et aI. , 1968) .
In the present study, we demonstrate in the gerbil that these apparent inconsistencies arise from a transient reduction in blood flow throughout the hemisphere penetrated by the electrode, after which CBF recovers over a period of several hours. With the use of chronically implanted electrodes, hydrogen clearance gives values for regional CBF identical to those determined using nicotine or io doantipyrine. A preliminary report has been pre sented (Nowak et aI., 1988) .
MATERIALS AND METHODS

Experimental animals
These studies used 3-month-old female gerbils weigh ing 50-70 g, obtained from Tumblebrook Farm (West Brookefield, MA, U.S.A.). All procedures were carried out under halothane anesthesia (2% halothane in 30% Oz, 70% N20). Rectal temperature was maintained at 37-38°C with a heating blanket or infrared lamp. Polyethylene catheters (PE 10, Intramedic) were placed in the femoral vein and artery for tracer infusion and blood sampling, respectively, in blood flow measurement with the nico tine and iodoantipyrine methods. In some experiments, intervals of bilateral carotid artery occlusion were pro duced by means of a previously implanted device (Tomida et aI., 1987) .
Hydrogen clearance
Electrodes used for hydrogen measurements consisted of 250 fl.m diameter platinum/iridium wire etched to a tip of 10-20 fl.m. The electrode was insulated with Epoxylite except for a length of 100 fl.m at the tip, which was pla tinized lightly before each use. For placement of elec trodes, anesthetized animals were placed in a stereotaxic device, a small burr hole was made in the skull, the dura punctured, and the electrode inserted into the left stria tum using a manual microdrive. In chronic studies, the electrode was passed through a plastic wafer resting on the skull that served to anchor the electrode, and the electrode and wafer were fixed in place with dental ce ment.
Hydrogen clearance was determined with a Diamond Electro-Tech chemical microsensor 1201 and a subcuta neous Ag/AgCl reference electrode. Prior to blood flow measurement, the electrode was polarized at 600 mV and allowed to stabilize for approximately 30 min. Hydrogen was introduced into the anesthetic gas mixture at a level of 20%, replacing an equivalent proportion of NzO, and continued until equilibration. Hydrogen was discontinued and the de saturation curve between 1 and 2 min fitted to a single exponential. Flow was estimated from the half time of hydrogen levels according to the Fick principle and simplifying assumptions (Young, 1980) . 1989 Nicotine method Blood flow measurement with eH]nicotine was essen tially as described previously (Ohno et aI., 1979; Suzuki et aI., 1983) with modifications (Tomida et al., 1987) .
[3H]Nicotine (10 fl.Ci in 0.17 ml saline) was infused at a constant rate into the femoral vein for 35 s while arterial blood was simultaneously drawn into heparinized saline at the same rate (0.293 mllmin) using a syringe pump. At the end of infusion, animals were decapitated, and brain tissue samples (10-30 mg) were immediately dissected from the striatum, hippocampus, and several regions of cortex and cerebellum, placed in preweighed polyethyl ene micro centrifuge tubes, and weighed. The arterial blood sample was transferred with heparinized saline washes into a similar tube and weighed to determine total sample volume.
Tissue samples were disrupted by sonication in 0.3 ml HzO and transferred to scintillation vials. The tubes were rinsed with 0.2 ml of concentrated NH40H that was also added to the vial, followed by 0.2 ml of 30% HZ02• Ali quots of the arterial blood samples (20 fl.l) were placed directly in scintillation vials, bleached by dropwise addi tion of HzOz, and HzO and NH40H were then added as above. After several hours, 2.5 ml of tissue solubilizer (Protosol) was added to each of the vials, which were then kept overnight. Scintillation fluid (15 ml, Econofluor II) was added, and vials were shaken occasionally until a clear solution was obtained. Samples were counted sev eral hours later after the dissipation of chemilumines cence with counting efficiencies of 40-50%.
Blood flow was calculated as described by Van Uitert and Levy (1978) , assuming complete extraction of eH]nicotine and negligible venous outflow. Radioactivity contributed by residual blood volume was determined to be less than 5% of total tissue radioactivity and was ig nored in these calculations.
Iodoantipyrine method
Blood flow determination with iodoantipyrine was es sentially as previously described (Sakurada et aI., 1978) except that brain regions were dissected and counted rather than imaged by autoradiography. [1 4 C]Iodo antipyrine (10 fl.Ci, in a volume of 100 fl.l) was infused through the venous catheter for a period of 1 min. Simul taneously, free flowing blood was sampled from the arte rial catheter at 5 s intervals into preweighed tubes. The animal was killed by decapitation and blood and tissue samples prepared and counted as detailed above. Correc tions for the lag in blood sampling, as well as the distor tion of the blood radioactivity curve by the effect of mix ing within the catheter, were incorporated into the calcu lations of the blood radioactivity time course (Jay et al., 1988) .
Morphological studies
Several animals with chronically implanted electrodes were fixed by transcardial perfusion with 4% parafor maldehyde, 5% glutaraldehyde in 100 mM sodium phos phate (pH 7.4) 24 h after electrode placement. This coin cides with the period of maximal edema following trau matic brain injury and associated breakdown of the blood-brain barrier (Klatzo et aI., 1967 (Klatzo et aI., , 1980 . Brains were dissected and embedded in paraffin, and 8 fl.m sec tions at the level of striatum evaluated histologically after staining with cresyl violet.
RESULTS
Local CBF values obtained with eH]nicotine and e4C]iodoantipyrine in six dissected brain regions are compared in Fig. 1 , showing the reproducibility of each technique and the close agreement of the two methods. Regional CBF (in mli100 g/min) ap proached 200 in cortical samples, averaged 130-160 in the striatum and hippocampus, and was in the range 100-130 in the cerebellum. Figure 2 illustrates the time course of blood flow determined with the nicotine method in the striatum and frontal cortex of left and right hemispheres fol lowing implantation of an electrode in the left hemi sphere for hydrogen clearance measurement. Local blood flow in the impaled left hemisphere remained significantly below corresponding regions on the opposite side for 2-3 h after electrode placement. This effect was most striking and most prolonged in the cortex, with an initial difference of 70% between hemispheres. Hippocampus showed a pattern sim ilar to the striatum, while CBF in samples from left and right cerebellum did not differ significantly (data not shown).
Determinations of CBF by hydrogen clearance in striatum obtained with the implanted electrode ( Fig.  3) showed a time course similar to that obtained with eH]nicotine although 6 h or more were re- quired to reach maximal values in some animals.
When striatal blood flow determined by hydrogen clearance and [3H]nicotine were compared in indi vidual animals (Fig. 4) , it was evident that generally C 200
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Hours Post-Implantation similar values for CBF were obtained with the two methods. Hydrogen clearance tended to give values lower than those obtained with nicotine, particu larly during the first 3 h after electrode placement, although by 24 h there was no consistent difference between the two methods. Similar reductions of hemispheric blood flow were observed following brief insertions of the elec trode in which only cortex was penetrated (Table  O. In these studies, the electrode was lowered to a depth of approximately 1.5 mm and immediately withdrawn, after which the burr hole was covered with bone wax. Within 5 min of electrode place ment, cortical blood flow determined with iodoan tipyrine was reduced by approximately 50% and by 1 h modest but significant deficits were also ob served in striatum and hippocampus. All differ-ences between hemispheres had resolved with in 3 h.
In several animals, electrode position was veri fied and the extent of local tissue injury was evalu ated histologically 24 h after implantation (Fig. 5 ). There was remarkably little damage in the area of the electrode track, with no evidence of edema or inflammatory response. Figure 6 illustrates the time course of striatal CBF determined with eHlnicotine and by hydrogen clearance during three 5 min occlusions at 1 h in tervals, and after recirculation intervals up to 24 h. Separate sets of animals were evaluated by the two methods, and in the hydrogen clearance study, sep arate groups were subjected to acute electrode placement for blood flow measurements at 3,6, and 24 h. Control blood flow and initial recirculation values were much lower when obtained by hydro gen clearance, although the sequence of early re flow and subsequent hypoperfusion were consis tently observed with both methods. Interestingly, CBF values obtained with the two methods during the hypoperfusion phase were in good agreement. In contrast, while moderate hypoperfusion per sisted at 6 and 24 h recirculation as determined with eHlnicotine, hydrogen clearance appeared to indicate hyperemia at these times. The reduction in CBF that occurs following acute electrode insertion is thus significantly attenuated under the patholog ical condition of repeated ischemia, demonstrating that even relative changes in CBF cannot always be reliably determined by hydrogen clearance with acute electrode placement.
DISCUSSION
The values of regional CBF obtained in this study with [3H]nicotine and [14C]iodoantipyrine methods are in good agreement with the results in the rat and mouse obtained by others with these techniques (Sakurada et aI., 1978; Ohno et aI., 1979; Tamura et aI., 198 1; Pulsinelli et aI., 1982; Furlow, 1982; Kagstrom et aI., 1983; Jay et aI., 1988) , and are consistent with our previous results in the gerbil (Tomida et aI., 1987) . These results provide further evidence for the suitability of the nicotine method for measuring CBF, with its simplifying assumption of negligible venous outflow, avoiding the technical complexity of accurately determining the time course of blood radioactivity in small animals (Sakurada et aI., 1978; Richards et aI., 1987; Jay et aI., 1988) . While this conclusion appears to be jus tified for dissected brain regions, it remains to be determined whether discrepancies might arise at the much higher level of resolution afforded by autora diography.
While similar values for local CBF have occa sionally been reported for the gerbil with hydrogen clearance methods (Cahn et aI., 1985) , most values previously obtained in this laboratory have been in the range of 40-70 mlll00 g/min for gerbil striatum (unpublished observations). Similarly low values have also been found for cortical blood flow in the rat (Scremin et aI., 1973; Rovere et aI., 1973) and mouse (Rosenblum, 1977) by hydrogen clearance. The present findings suggest that these may be es-sentially correct estimates of flow in brain regions in which CBF is drastically reduced as a result of electrode placement (Figs. 2 and 3) . Consistent with the present results, chronically implanted elec trodes have given relatively higher CBF values in the rat (Raining et aI., 1968; Furlow, 1982) although usually not equivalent to the radioactive tracer methods (see below). Other details of electrode de sign, insertion procedure, or timing of measure ments likely account for the relatively high values sometimes achieved (Cahn et aI., 1985; Todd et aI., 1986) .
It is significant that the reduction in CBF upon electrode placement can be influenced by experi mental conditions (Fig. 6 ). Blood flow values ob tained with eH]nicotine at 6 and 24 h after a series of repeated ischemic insults were not greatly differ ent from those obtained following acute electrode placement and hydrogen clearance measurement. These values indicate modest hypoperfusion rela tive to nicotine controls, but would be viewed as significant hyperemia with respect to control hydro gen clearance blood flow. The most straightforward Gerbils were subjected to a series of three 5 min bilateral carotid artery occlusions at 1 h intervals as described in the text followed by recirculation for up to 24 h, and blood flow estimated at the indicated times by the two methods. The nicotine data are that of Tomida et al. (1987) . A single group of animals was used to evaluate hydrogen clearance during the series of occlusions, while separate similarly occluded groups were subjected to acute electrode insertion at each of the longer recirculation intervals (3, 6, and 24 h). Symbols indicate mean values obtained for at least three animals per group using [3H]nicotine (e---e) and hydrogen clearance (0-0). Shaded areas designate a range of two standard de viations around control values obtained by each method. Er ror bars are omitted from points at early recirculation times for clarity, but were generally similar to those illustrated for control groups and at later intervals.
interpretation of these results is that the effect of electrode placement is greatly attenuated under this pathological condition, involving severe edema and microvascular disturbances (Tomida et aI., 1987; Vass et aI., 1988 ). The precise mechanisms by which CBF is re duced throughout the impaled hemisphere remain undefined. There are striking similarities between our results and the observed reduction in blood flow associated with unilateral spreading depression in the rat, produced by a brief stab wound to the cor tex (Lauritzen et aI., 1982; Lauritzen, 1984) . We have not monitored brain electrical activity in these studies and therefore cannot make detailed compar isons between these experiments. The more severe and prolonged effect on CBF demonstrated here may reflect the continued presence of the penetrat ing electrode or may be related to species differ ences in the response. Comparable mechanisms have been proposed to account for reductions in CBF subsequent to the trauma of fiber implantation for microdialysis studies (Benveniste et aI., 1987) . The ability of a brief cortical penetration to produce an identical blood flow deficit (Table 1 ) and the min imal tissue damage in adjacent areas of striatum fol lowing electrode placement (Fig. 5 ) largely rule out J Cereb Blood Flow Metab, Vol. 9, No. 1, 1989 significant contributions of local tissue injury to the effects observed.
The fall in CBF with spreading depression was characterized by an impaired responsiveness to CO2 (Lauritzen, 1984) . A similar depression of CO2 reactivity has recently been described in the dog following application to the cortex of a thermistor probe for CBF measurement by a thermal clearance technique (Hoehner et aI., 1987) . While this sug gests potential consequences of electrode place ment in other species, direct extension of the present observations to larger animals may not be warranted. Preliminary results indicate that acute unilateral electrode insertion into striatum of the cat does not result in comparable asymmetry in hemi spheric CBF values determined with eH]nicotine (unpublished observations), which may be com pared with the absence of prolonged pial vasocon striction following spreading depression in this spe cies (Wahl et aI., 1987) . Nevertheless, the value for striatal blood flow obtained with nicotine in the cat was approximately 100 mlllOO glmin, essentially twice the value given by the hydrogen clearance method in the same animal. This complements ear lier evaluations of the hydrogen clearance method in cats (Fieschi et aI., 1969) , which suggested a favorable comparison with e4C]antipyrine, a tracer now known to underestimate CBF (EkIOf et aI., 1974; Eckman et aI., 1975) . The conflicting lit erature has been well summarized (Heiss and Traupe, 1981) . It should be noted that CBF in ex cess of 100 mV 100 glmin have been obtained by the hydrogen clearance method in cats with chronically implanted electrodes (Kuroiwa et aI., 1985; Ting et aI., 1986 ), suggesting that additional, more local consequences of acute electrode placement may in fluence CBF measurement even in larger animals.
Previous results with needle � detectors had led to a similar conclusion (Brock et aI., 1967) . This is compatible with the present observation in the ger bil that striatal blood flow estimates with the hydro gen clearance method were moderately but consis tently lower than those obtained with nicotine at the same site during the first several hours after elec trode placement (Fig. 4) .
We have seen an inconsistent tendency toward lower CBF values determined by the hydrogen clearance method with chronic electrodes after pro longed recovery times (2 days-2 weeks, data not shown). Others have reported lower values for CBF determined by hydrogen clearance than with io doantipyrine at 48 h after electrode placement (Fur low, 1982) . Together these results suggest that 24 h may be an optimal postimplantation interval for blood flow measurement with polarographic elec-trodes. Interestingly, the same recovery time has been recommended for studies that utilize im planted microdialysis fibers (Benveniste et aI., 1987) .
It is clear that a number of factors can contribute to variability of CBF values obtained by the hydro gen clearance method. Precise localization of the electrode would be expected to be a particularly stringent requirement in smaller brains, and inter compartmental diffusion may ultimately limit the resolution of the method. Local tissue damage may influence the measured blood flow regardless of species. However, the present results suggest that the most significant source of error in the use of hydrogen clearance for measurement of CBF in small animals arises from the disruption of normal blood flow that can occur temporarily following electrode placement. Noninvasive methods, such as laser Doppler techniques, may eventually pro vide a reliable alternative allowing real-time moni toring of blood flow in experimental conditions (e.g., Shepherd et aI., 1987) . Meanwhile, prior im plantation of recording electrodes is a simple solu tion to the problem that allows the continued use of the valuable and convenient hydrogen clearance technique.
